Abstract The molecular safety of insulin analogues has received a great deal of attention over the last year. In particular, attention has been directed to the mitogenic properties of insulin analogues as compared with human insulin. Understanding the mechanisms implicated in mediating mitogenic effects of insulin is therefore of particular interest. In this review we detail the story of the rapid-acting insulin analogue known as X10, which was the first insulin analogue in clinical development, but ended up being discontinued at an early clinical development stage following findings of mammary tumours in female Sprague-Dawley rats. The molecular characteristics of insulin X10, along with its interaction at both the IGF-1 receptor and the insulin receptor, have provided us with important insights into mechanisms implicated in metabolic and mitogenic signalling of insulin analogues.
Introduction
Type 2 diabetes is associated with an increased risk of a range of cancers [1, 2] . In addition, comorbidities and lifestyle factors that are commonly associated with type 2 diabetes, such as obesity and physical inactivity, are associated with an increased risk [3] . It is known that different glucose-lowering treatments can modify the risk of developing cancer in different ways, with metformin apparently providing a protective effect and insulin secretagogues and insulin potentially stimulating tumour growth [4, 5] . The publication of four epidemiological studies in June 2009 highlighted a potential link between insulin glargine (A21Gly,B31Arg,B32Arg human insulin) and an increased incidence of cancer, stirring up an ongoing debate about the long-term clinical safety of insulin analogues [6] [7] [8] [9] .
There is one molecule that is particularly interesting in relation to this recent development. Insulin X10 is a human insulin analogue in which the histidine-B10 residue has been replaced with an aspartic acid residue, resulting in a rapid-acting insulin analogue [10, 11] . After the discovery that, in 52 week toxicity studies, insulin X10 was associated with an increased occurrence of mammary tumours in female Sprague-Dawley rats, development of this analogue was discontinued [12] . Here we report on the characteristics of insulin X10 and the knowledge gained from subsequent investigations into the mechanism of its increased mitogenic action.
The development of insulin X10
The rationale for developing a rapid-acting insulin analogue is to overcome the pharmacokinetic limitations of subcutaneously injected human insulin for postprandial glycaemic control. Because human insulin naturally self-associates into hexamers at the concentrations found in the subcutaneous injection depot, it displays a somewhat protracted absorption rate into the bloodstream, limiting its usefulness for postprandial control. However, this self-association can be disrupted, and an insulin molecule that does not selfassociate into hexamers, or does so more weakly, is absorbed from the injection depot into the bloodstream much more quickly. With the advent of recombinant DNA technology, single amino acid substitutions could be targeted to regions involved in hexamer formation that also lie on the periphery of the insulin receptor (IR) binding regions [10] . The histidine residue at the B10 position was known to be involved in self-association through the coordination of zinc ions by the imidazole side chains [13] . One of the analogues described by Brange and colleagues [10] replaced this histidine residue with the negatively charged aspartic acid, creating the insulin analogue known as insulin X10. The ability of insulin X10 to self-associate into hexamers was successfully disrupted, even at concentrations of 100 U/ml. After subcutaneous injection into pigs, the time taken for 50% of the dose to be absorbed from the injection depot was found to be approximately half that of human insulin. In addition to the increased rate of absorption, insulin X10 also displayed a higher maximum concentration and a more potent biological action than natural insulin.
The rapid absorption rate from the subcutaneous depot demonstrated by Brange and colleagues made insulin X10 an interesting candidate for further research with a view to developing a rapid-acting insulin analogue. Subsequent studies confirmed that the rapid rate of absorption from the subcutaneous injection depot seen in pigs also occurred both in healthy volunteers and in patients with type 1 diabetes [14, 15] . In a long-term double-blind, randomised crossover study with treatment periods of 2 months involving 21 male patients with type 1 diabetes, insulin X10 was shown to have a more physiological plasma profile than soluble human insulin [16] . With insulin X10, there were significantly lower postprandial blood glucose levels in the morning, similar glucose excursions at lunch and dinner, and slightly higher levels during the night, resulting in similar HbA 1c levels achieved with insulin X10 and human insulin at the end of the 2 month treatment periods. There were no differences in reported side effects, including the frequency of mild hypoglycaemic events, between the two insulins.
Thus, all the evidence suggested that insulin X10 was a promising new rapid-acting insulin analogue that facilitated a reduction in HbA 1c that was very similar to that shown with human insulin, whilst at the same time providing a more physiological postprandial plasma profile. But then came the discovery that halted any future clinical development of insulin X10. A 52 week study of supraphysiological exposure in rats revealed a dose-dependent increase in the occurrence of mammary tumours in female Sprague-Dawley rats [12] . In the group exposed to the highest dose (200 U kg
), 44% of female rats developed benign tumours and 23% developed malignant tumours after 1 year (Fig. 1) . A 10 year follow-up of all patients (all male) exposed to more than a single dose of insulin X10 in the study by Nielsen and colleagues [16] revealed no increased incidence of malignancies. Nevertheless, the rat data prompted a series of investigations into the cause of this increased risk, focused primarily on mitogenic potency, as well as on the IR and IGF-1 receptor (IGF-1R) binding characteristics of insulin X10.
Understanding insulin X10
One of the first molecular characteristics that was observed to differ between insulin X10 and human insulin was increased binding to IR itself [11, 17] . In the majority of studies the binding affinity of insulin X10 to IR has been found to be increased 200-400% relative to that of human insulin. It was also noted by these early studies that the binding affinity of insulin X10 to IGF-1R was increased compared with that of human insulin [17, 18] but with a fairly low affinity compared with IGF-1 itself, an effect that has subsequently been confirmed by a number of authors [19] [20] [21] [22] . In addition to the increased receptor affinities, [12] insulin X10 was shown to have an increased in vitro ability to stimulate cell growth and DNA synthesis, and Bornfeldt and colleagues speculated that this was due to a substitution in the insulin X10 molecule that made this analogue more chemically similar to the IGF-1 molecule [18] . Compared with human insulin, insulin X10 had an identical 'on-rate' but a much slower 'off-rate' from the IR so that, upon binding, insulin X10 remained bound for much longer than human insulin [17] .
These early observations led to a series of experiments with insulin X10 and other analogues which showed that at least two molecular characteristics can be responsible for the increased mitogenic potency of insulin analogues (Fig. 2) .
A correlation between relative IGF-1R affinity and mitogenic potency was described by Slieker and colleagues [20] and Kurtzhals and co-workers [19] and later by Kohn and colleagues [23] (Fig. 3 ). Intuitively this mechanism seems plausible-increased affinity for IGF-1R results in an increased ability to promote cell growth. In addition to the mechanism mediated via IGF-1R, it was shown that the mitogenic potency of insulin analogues was increased in excess of the metabolic potency when the dissociation rate from IR was decreased. Thus, the decreased dissociation rate observed with insulin X10 [17] was extended to a range of insulin analogues, and a hyperbolic relationship between the dissociation rate constant and the ratio between mitogenic and metabolic potency (Fig. 4) was demonstrated [24] .
The ability of insulin X10 to promote tumour growth could be explained by either, or both, of these molecular characteristics, and it would therefore be rational to avoid either mechanism in the development of new insulin analogues even if it is not known for certain if any of these in vitro observations were responsible for the findings in vivo in rats.
If we try to determine the relative importance of these two molecular characteristics, the finding that knockdown of IGF-1R by small interfering RNAs largely abolishes the mitogenic effect of IGF-1 and insulin analogues indicates that increased IGF-1R affinity might be more important [25, 26] . Also, in the study of Kurtzhals and colleagues on a range of insulin analogues, the correlation between IGF-1R binding and mitogenic potency was more evident than the correlation between the insulin receptor dissociation rate and mitogenic potency [19] . However, unfortunately none of the knockdown studies included insulin X10 in the study of cellular growth, and these studies were carried out with cells expressing many IGF-1Rs, which may result in a bias towards IGF-1 mediated effects. Finally, blockade of IGF-1R-mediated growth effects using antibody directed against the receptor, almost completely abolished the effect of IGF-1 whereas the effect of insulin X10 was only partially blocked [21] . Thus, it is still unknown whether increased affinity for the IGF-1R or increased half-life of the receptor-ligand complex plays the more important role for the observed increased mitogenic potency, and consequently also whether either of these characteristics can explain the tumour findings in rats with insulin X10. Several studies have examined the cellular effects of insulin X10 in more detail in the light of the recent progress in our understanding of insulin and IGF-1 signalling pathways.
The decreased dissociation rate was shown to be accompanied by a sustained signalling and phosphorylation of IR and downstream elements including IRS1, Shc and focal adhesion kinase (FAK) [24, 27] . This could be mere timing of signalling favouring phosphorylation fingerprinting that was directed towards mitogenic signalling. Moreover, an altered timing of signalling could lead to interactions with and/or phosphorylation of cytosolic signalling molecules that are otherwise not encountered. In this respect it is noteworthy that the natural secretion pattern of IGF-1 is more continuous than that of insulin. Cellular localisation of the signal could also play a role, since it has been shown that the cellular processing of insulin X10 is clearly different from that of human insulin [12, 28] . Thus, stimulation with insulin X10 could result in increased phosphorylation after internalisation of the receptorligand complex and consequently induce phosphorylation in other subcellular compartments.
In an extensive study of ligand-induced phosphorylation of many different intracellular proteins it was noted that the phosphorylation pattern seen after stimulation of Michigan Cancer Foundation-7 (MCF-7) cells with insulin X10 was different from that after stimulation with insulin. An asymmetrical preferential phosphatidylinositol 3-kinase (PI3K) pathway activation and, specifically, stimulation of protein translation, was seen after stimulation with insulin X10 [29] . Other studies have also found an important role of the PI3K pathway [25] , whereas yet more results seem to favour a more pronounced stimulation of the extracellular signal-regulated kinase (ERK) pathway [30] . Thus, while it is apparent that insulin X10 and other ligands can induce a signalling pattern different from that of insulin, the exact pattern is not entirely obvious and, clearly, more studies comparing the relative activation of the different pathways are needed. In this respect it is imperative to stress the importance of performing full dose-response curves, since investigation of only one or few doses may result in erroneous conclusions [31] . In such dose-response experiments, preliminary results indicate that insulin X10 might induce a preferential phosphorylation of the more N-terminal (Y972 and Y1158) phosphorylation sites on IR itself compared with the most C-terminal phosphorylation site (Y1334) [32] . Therefore phosphorylation of the kinase domain seemed to correlate with the mitogenic potency of insulin X10, while phosphorylation of the C-terminal correlated with the metabolic potency of X10. These findings suggest that kinase domain phosphorylation might be a major determinant of mitogenic potency, but this remains to be confirmed in experiments with a panel of mitogenic insulin analogues and in setups using different cell types and stimulation periods.
Preferential signalling could arise from both of the molecular characteristics shown in Fig. 2 , but in addition the issue of different IR isoforms and IR/IGF-1R hybrids must be taken into account. It has been speculated that an increase in the mitogenic properties of an insulin analogue could alternatively (or additionally) reflect a binding preference for the shorter IR-A isoform of IR relative to the longer IR-B isoform [30, 33] . This hypothesis is derived from the observation that IR-A has high affinity for binding IGF-2 and is extensively expressed in fetal tissue, where it mediates growth responses. IR-A expression is also associated with undifferentiated cells, and overexpression occurs in some cancer cells. This raises the possibility that this IR isoform may be relevant for the mitogenesis of cancer cells [33] . However, studies have shown that both the binding affinity and the activation of the two IR isoforms are very similar after stimulation with insulin X10 [22, 30, 34, 35] . Cells with both IR and IGF-1R will also express heterodimer hybrid receptors [36, 37] . The physiological significance of these receptors is probably low. Hybrid receptors have been shown to preferentially bind IGF-1, whereas insulin is bound with a much lower affinity regardless of which IR isoform is part of the heterodimer, and several reports have shown that insulin fails to activate hybrid receptors [37] . The binding of insulin X10 to hybrid receptors is unknown at present, but is currently under investigation. Some studies have found an increase in the maximal attainable response after stimulation with insulin X10 [18, 21] , whereas this has not been found by others [11, 19, 38] . However, it remains a possibility that in some cell types and for some responses, insulin X10 may be able to induce a higher response than human insulin. This could be explained by the presence of IGF-1R and/or hybrids.
Future perspectives
Despite the major advances in our understanding of insulin action and signalling the relative roles of IR and IGF-1R in contributing to the increased mitogenic effects of insulin X10 are still not fully understood and investigations in this area are still ongoing. What is clear is that interactions with both IGF-1R and IR, as well as downstream signalling and biological effects, need to be assessed if the safety of new insulin analogues is to be assured. As in vitro results go only so far in explaining in vivo effects, it would be desirable to define a better tumour assessment model so that we can more effectively predict whether an insulin analogue is likely to promote tumour growth. Although the in vivo rat model that revealed the tumour-promoting effects of insulin X10 is still used today, it is not ideal for long-acting insulins. The relatively high doses of rapidacting insulin X10 at which tumours became apparent in this model cannot be used with long-acting insulins because the rats would die as a result of hypoglycaemia. Therefore, alternative models such as those in which tumour formation is accelerated by stimulation with various chemicals (e.g. DMBA), or models in which tumours are transplanted into diabetic animals, are currently being investigated.
As for insulin X10, its promise of being an effective new rapid-acting insulin analogue turned out to be short lived. Despite this, it has proven to be an important link in the current issue of the molecular safety of insulin analogues, and insulin X10 is now recommended by the European Agency for the Evaluation of Medicinal Products as the positive control in insulin analogue mitogenicity studies.
